Objective: Somatotrophs represent the majority of cells in the anterior pituitary, and their numeric reduction can cause anterior pituitary hypoplasia (APH). Small numbers of patients with familial isolated GH deficiency (IGHD) due to bi-allelic mutations in the GHRH receptor (GHRHR) gene (GHRHR) have been reported to have APH. We tested if APH was present in a large cohort of patients homozygous and heterozygous for a GHRHR mutation. Design: We studied pituitary morphology in adult and pediatric age subjects (8 years of age and older) belonging to a large extended Brazilian kindred with a high prevalence of IGHD due to a null GHRHR mutation. Methods: We performed brain magnetic resonance imaging (MRI) in 38 subjects, divided into four groups: group I: normal adults (five males, four females, age 38^11:7 years); group II: heterozygous adults (six males, seven females, age 42:23^8:8 years); group III: homozygous GH-naive affected adults (three males, five females, age 41:4^15:0 years); group IV: homozygous affected children (three males, five females, age 11:9^2:5 years). Results are expressed as means^s:d: Results: Pituitary height (mm) was not different between groups II and I (4:61^1:55 and 4:41^0:62 respectively), but it was significantly reduced in groups III ð2:67^0:87; P , 0:001Þ and IV ð2:87^0:79; P , 0:001Þ compared with group I. Pituitary volume (mm 3 ) was normal in group II ð417:12^140:86Þ; but it was significantly reduced in groups III and IV ð124:06^64:27 and 155:68^39:79 respectively vs 414:56^71:57; both P , 0:001Þ: The volume ratio (calculated by multiplying the pituitary volume by 1000 and dividing it by cranial volume) was significantly lower in the affected subjects (groups III and IV) ð0:06^0:02Þ than in unaffected (groups I and II) ð0:15^0:04; P , 0:0001Þ; demonstrating that APH is not due to reduction of cranial volume. Conclusions: APH is present from childhood in patients homozygous for an inactivating GHRHR mutation, but it does not occur in heterozygous subjects. In our cohort, the presence of normal anterior pituitary size by MRI rules out homozygosity for a GHRHR mutation in subjects who are 8 years of age or older.
Introduction
Isolated growth hormone deficiency (IGHD) can be caused by acquired or genetic abnormalities of the hypothalamus or the pituitary. Initial magnetic resonance imaging (MRI) studies of the hypothalamic and pituitary area had reported that the majority of IGHD patients (88%) had normal pituitary size, but the cutoff considered normal for pituitary height in this study was only 2 mm, without any adjustment for age (1) . It was later reported that pituitary size changes during childhood (2, 3) . Using age-adjusted measurements, it was discovered that the majority of IGHD patients had anterior pituitary hypoplasia (APH) (4) , often associated with the pituitary stalk agenesis (PSA) syndrome, which includes pituitary stalk transection and ectopic neurohypophysis (5 -7) . Although more often associated with PSA, APH may be an isolated finding in IGHD (8 -11) . In addition, while patients with APH associated with PSA have a high risk of developing multiple pituitary hormone deficiencies, patients with isolated APH often have a phenotype limited to IGHD, and may even normalize their GH secretion and pituitary size after reaching adulthood (10) .
As somatotroph cells represent 50 -60% of the pituitary gland mass (12) , their absence or reduced number may be responsible for APH. Because growth hormone-releasing hormone (GHRH) has an important role in regulating the proliferation and functional activity of somatotroph cells (13) , abnormalities causing alteration of the GHRH pathway may cause APH. Accordingly, a naturally occurring animal model of IGHD due to a GHRH receptor (GHRHR) mutation (little mouse) exhibits APH due to somatotroph cell hypoplasia (14) .
The most frequent causes of inherited IGHD are mutations in the gene encoding for GH (GH1) (15) or in the gene encoding for the GHRHR (GHRHR) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Familial IGHD has been classified in four forms, according to degree of GH deficiency and mode of inheritance. Type IA has autosomal recessive inheritance, patients have complete lack of serum GH and frequently develop anti-GH antibody after therapy with exogenous GH; it is due to large homozygous deletions in the GH1 gene. Type IB is autosomal recessive, patients have low but measurable serum GH levels, and show a good response to exogenous GH therapy; it may be due to homozygous GH1 or GHRHR mutations. Type II is autosomal dominant, with low but measurable serum GH levels, and a good response to exogenous GH therapy; it is often caused by heterozygous GH1 mutations that, with different molecular mechanisms, cause deletion of exon 3. The most rare form is type III, transmitted as an X-linked character, whose genetic cause is not fully elucidated (26) .
Although no pathological studies have been done in humans, patients with IGHD IB caused by bi-allelic mutations in the GHRHR gene have been reported to have radiological evidence of APH without other abnormalities of the pituitary or stalk. MRI studies of these patients have been done in a limited number of cases (18, 20, 22 -25, 27) , and have never included heterozygous carriers. As heterozygous carriers of GHRHR mutations have been reported to have lower serum insulin-like growth factor-I (IGF-I) than normal subjects (17, 28) , it is conceivable that they may have a pituitary size that may be intermediate between normal and affected subjects.
In this study, we have examined brain morphology by MRI in subjects from an extended kindred residing in Itabaianinha, Brazil with high prevalence of familial IGHD IB due to a null mutation in the GHRHR gene that causes severe IGHD in the homozygous state (19, 28, 29) . The goal of this study was to assess pituitary morphology in homozygous adult and pediatric IGHD patients and in heterozygous adult subjects.
Subjects and methods
Thirty-eight individuals from Itabaianinha, Brazil underwent MRI imaging of the hypothalamic -pituitary area. The affected individuals were selected based on IGHD phenotype, while the normal and heterozygous subjects were selected randomly among family members of affected individuals. The clinical and hormonal findings in the homozygous affected have been described previously (19, 28 -30) . All subjects were genotyped for the IVS1+1 G ! A mutation of the GHRHR gene via denaturing gradient gel electrophoresis of amplified genomic DNA obtained from buccal smears (19) . They were divided into four groups according to genotyping results and age: group I: homozygous normal adults (five males and four females; 38^11:7 years); group II: heterozygous adults (six males and seven females; 42:23^8:8 years); group III: homozygous GH-naive affected adults (three males and five females; 41:4^15:0 years); group IV: homozygous affected children (three males, 8 -13 years and five females, 9-14 years; 11:9^2:5 years) who had been on GH treatment for about 3 years. All the affected individuals had a typical IGHD phenotype (very short stature, central obesity and a high-pitched voice), very low serum IGF-I levels, and no serum GH response to clonidine and hypoglycemic test. Cephalic perimeter (CP, cm) was compared with previously published data (31) to calculate CP standard deviation score (SDS). Approximate cephalic volume (CV, cm 3 ) was calculated assuming a spherical shape using the formula CV ¼ 4=3pr 3 : In group IV, stature and CP had increased by 22^10 cm and 2:6^1:38 cm respectively while on GH treatment. The wide range of the stature increments reflects periodic interruptions of GH treatment due to intermittent drug availability.
MRI was performed with a General Electric apparatus, model Signa Horizon LX 2 1,0 T-system (Waukeska, WI, USA). Contiguous sagittal and coronal spin-echo T 1 -weighted sequences (416/16 (T R /T E ), 2 mm thick) and Fast Spin Echo (FSE) T 2 -weighted sequences (4.300/102 (T R /T E ), 2 mm thick) were obtained without contrast administration. We did not administer contrast because its absence does not impair measurements of the pituitary (32) . Maximal anterior pituitary height (mm) was determined from midline sagittal images by measuring the greatest distance between the superior and inferior borders of the gland. Width (mm) and length (mm) were similarly measured by the greatest dimensions on the coronal and sagittal images respectively. Estimates of pituitary volume (PV, mm 3 ) were derived from these measures using the average of the cubic (length £ width £ height) and the ellipsoid [(length £ width £ height)/2] formulas (33) . Pituitary measurements were compared with previously published values adjusted for sex and age (2, 3) , and SDSs were calculated.
To determine the relationship between PV and CV in each group, a volume ratio (VR) was calculated by multiplying PV by 1000 and dividing it by CV. To determine the ratio between individual values and the mean of the normal group, two others values were calculated in the adults: the ratio of pituitary volume (RPV) and the ratio of cranial volume (RCV), obtained by dividing the individual values of groups II and III by the average of group I. MRI images were also examined for morphology of the pituitary stalk and neurohypophysis, and for other cranial abnormalities.
The appropriate institutional review committees approved this study and all the subjects or their parental guardians gave informed consent.
Data were analyzed by the non-parametric MannWhitney and Spearman tests using the program SPSS 8.0 (Statistical Package for Social Science). Data are expressed as means^S.D. and P values , 0.05 were considered to be significant.
Results
Anthropometric data and serum IGF-I levels of the subjects included in the study are shown in Table 1 . Stature was significantly lower in group III than in group I ðP , 0:001Þ: Serum IGF-I levels were lower in groups II, III and IV than in group I, although the difference was much more marked for groups III and IV. In group III, both CP and CV were significantly lower than in group I ðP , 0:001Þ: No difference was observed between group II and I. Homozygous affected children exhibited larger CP and CV values (although not statistically significant) than GH-naive adults, possibly due to the effect of GH treatment in early years of life. As we did not have normal controls for children, we could not compare directly the CP and CV of affected children with age-matched controls. Table 2 shows the data on pituitary morphology. There was no difference between groups II and I in any of the parameters. Groups III and IV exhibited reduced values for all the measurements (pituitary height, height SDS, length, width, volume and VR) in comparison with group I. Pituitary height was 2:50^1:11 mm in three children between 5 and 10 years of age, and 3:10^1:18 in those between 10 and 15 years of age. Pituitary height SDS is more markedly reduced in group IV than in group III (see below), despite similar absolute values. There was no statistical difference in any of the measurements (pituitary height, length, width and volume) between groups III and IV.
There was a correlation between PV and stature and between PV and serum IGF-I when we examined all 38 subjects. Both correlations were abolished, however, when we examined the two affected groups, either individually or pooled together, indicating that within the groups PV does not predict GH secretion. The SDSs of pituitary height in groups III and IV were severely reduced (21:95^0:58 and 22:84^0:64, P , 0.01 and P , 0.001 compared to group I, respectively), demonstrating the marked APH in the homozygous affected adults and children. The PV of the heterozygous group was normal. The VR was reduced in the pooled affected subjects (groups III and IV) ð0:06^0:02Þ compared with pooled groups I and II ð0:15^0:04; P , 0:0001Þ; showing that the decrease in PV observed in affected subjects is not due to the decrease in the whole CV. This finding is confirmed by the fact that in affected adults RPV and RCV were reduced by 71% and 22% respectively in group III in Table 1 Anthropometric data and IGF-I levels ðmean^s:d:Þ in normal homozygous (group I), and in subjects heterozygous (group II) or homozygous (group III, adults; group IV, children) for the IVS1+1 G ! A GHRHR mutation.
Group I (n = 9)
Group II (n = 13) Group III (n = 8) Group IV (n = 8) comparison with group I ðP , 0:001Þ: There were no differences in these variables between groups II and I. The pituitary stalk and neurohypophysis appeared normal in all the subjects, and none of the other abnormalities often reported in association with sporadic GH deficiency were detected.
Discussion
In this report we describe MRI data on pituitary morphology in 38 individuals from the Itabaianinha kindred, characterized by high prevalence of the IVS1+1 G ! A GHRHR mutation. The exceptionally large size of this kindred has allowed us to generate statistically significant data not obtainable in smaller kindreds. However, the uniform genetic background of the individuals studied may in part limit the applicability of our results to patients with a different genetic background.
We have observed marked APH in all the adults and children homozygous for a null GHRHR mutation when compared with normal adults and with published data on children and adults (2, 34 -36) . APH was also present in affected pubertal children in whom pituitary height is normally increased. Although CV is reduced, the more marked reduction of the PV shows that the decrease in PV is not due to the decrease in the whole CV, but reflects selective reduction in pituitary size.
The SDS deficit of pituitary height was more marked in affected children ð22:84^0:64Þ than in affected adults ð21:95^0:58Þ; despite very similar absolute height values (the difference in PV between adult and pediatric age affected children is not statistically significant). This is due to the fact that in normal subjects the pituitary height peaks in late childhood (age 10 -19) (2), possibly due to somatotroph cell hyperplasia. This enlargement does not seem to occur (or is less marked) in our homozygous affected children, causing more marked reduction in SDS. We speculate that this lack of increase in pituitary size may be due to lack of GHRH effect on the somatotrophs. Our patients therefore differ from the six IGHD patients with small pituitary glands reported by Maghnie et al. (10) , who normalized their PV and GH secretion after reaching adulthood. Those patients had a moderate degree of GH deficiency, as demonstrated by height SDS at the time of diagnosis of GH deficiency (at age 7.2-14 years) ranging from 2 2.7 to 2 0.1. It is very unlikely that any of them had a bi-allelic GHRHR mutation, as by age 7 lack of functional GHRHR causes more severe growth failure (17 -25) .
The degree of APH we detected is comparable with the two previously published smaller reports of a total of six IGHD patients with a homozygous nonsense GHRHR mutation (Glu72X) (18, 27) . One difference is that we found a reduction in all three dimensions (height, length and width) while Murray et al. (27) found a reduction only in the first two. The reason for this difference is not clear, as both mutations (IVS1+1 G ! A and Glu72X) are predicted to cause complete lack of functional GHRHR. Although our adults were older than the subjects studied by Murray et al. (22 -29 years of age), we doubt that this difference is significant, as we did not observe any change in pituitary size with age in the homozygous patients.
Recently, Osorio et al. (37) , within a large series of 76 Brazilian patients with IGHD or combined pituitary hormone deficiency (CPHD), described four patients with bi-allelic mutations in the GHRHR gene. Two of them (one homozygous for the same IVS1+1 G ! A mutation of the Itabaianinha kindred and one with compound heterozygosity for two separate mutations) had severe APH. The other two (ages 10 and 12 years) (both homozygous for the IVS1+1 G ! A mutation) had almost normal pituitary height (2 0.3 and 2 1.7 SDS, according to our age-and sex-adjusted calculation). Regrettably, PV was not reported. We cannot explain this discrepancy, as we found evident hypoplasia in all the 16 subjects we studied who were homozygous for this mutation.
In affected adult individuals we did not find any correlation between PV and serum IGF-I, or the previously reported (27) correlation between PV and stature. However, Murray et al. (27) analyzed four affected adults, while this study included twice as many, and the significance of the correlation they found was borderline ðP , 0:03Þ: An attempt to correlate PV with stature in children would not be reliable, as they have been treated with GH at various ages.
Bozzola et al. (5) found MRI evidence of isolated APH in 75% of 60 IGHD patients, and Arrigo et al. (38) reported IGHD in 78.1% of patients with APH without PSA, demonstrating that IGHD and APH are frequently associated. We found none of the abnormalities in pituitary stalk and neurohypophysis reported in other IGHD etiologies (6, 39) . APH may be caused by a variety of insults to the hypothalamic area, including infections, ischemia, inflammation or trauma, which may result in IGHD or CPHD, and is therefore by no means diagnostic of GHRHR mutations. Patients with mutations in the GH1 have been reported to have normal or only mildly decreased pituitary size (40 -42) . However, APH is not a unique feature of mutations in the GHRHR gene. APH in the setting of genetic IGHD IB can also be caused by heterozygous mutations in the homeobox gene HESX1 (43) . In addition, as some patients with CPHD caused by mutations in the genes encoding for the pituitary-specific transcription factors POU1F1 and PROP1 may initially present with IGHD and APH, and manifest lack of other hormones at older ages (44) , clinicians should consider this possibility, particularly in younger children.
One important question relates to the time of onset of APH. The youngest patient we studied was 8 years old, and he already had evident APH. We could not study younger children, as it would have required sedation, with its associated risks. Therefore, we cannot determine whether APH is present at birth or appears in the postnatal period, as in the little mouse (14) .
This study is the first to examine MRI findings in subjects heterozygous for a GHRHR mutation. Other reports have suggested a reduction of stature and lower serum IGF-I levels in heterozygous in comparison with homozygous normal individuals (17, 28) . Our finding of lower IGF-I levels in the heterozygous group may indeed confirm a reduction in GH secretion. However, there was no difference in pituitary morphology between heterozygous and normal subjects to support the concept that such a reduction reflects a reduced somatotroph cell mass.
We conclude that, in patients homozygous for an inactivating mutation of the GHRHR gene, APH is evident by MRI from childhood. APH does not occur in heterozygous subjects.
APH in the setting of familial IGHD can be caused by defects in several known genes (37) , and possibly of other yet undiscovered factors. Therefore, its presence is not diagnostic of mutations in any specific gene. However pituitary MRI, when performed, has shown APH in a total of 32 out of 34 subjects older than 8 years of age bearing a bi-allelic GHRHR mutation (including the 16 reported in this work), independent of the kind of mutation, the genetic background, and the kind of MRI apparatus used (18, 20, 22 -25, 27, 37) . Therefore, APH is a consistent feature of this genetic syndrome. A normal pituitary size by MRI, therefore, makes a mutation in the GHRHR gene in children with familial IGHD IB who are 8 years of age or older very unlikely, but does not help in determining which other gene might be causing the disease.
